In angiosperms, the process of double fertilization results in the production of two structures: adiploid embryo and a triploid (usually) endosperm. The endosperm is a source of food for the germinating seed and, in some plants, for the embryo. Unlike the food storage tissue of gymnosperm seeds, which is preformed in the female gametophyte, that of flowering plant seeds comes into existence after fertilization. The angiosperm female gametophyte, therefore, is much smaller and develops more quickly than that of other plantsattributes, many botanists agree, that have been central to the prodigious success of the angiosperms (Stebbins, 1 974) .
Despite the importance of endosperm, many questions-about both its origin and functions-remain. From an evolutionary standpoint, how did the angiosperm endosperm originate-and how has it evolved into its present form? On a mechanistic level, how does the endosperm interact with both the embryo and the maternal tissues that deliver photoassimilates and nutrients to the developing seed?
In this issue, Miller and Chourey (pages 297-305) have made use of a maize mutant to explore interactions between the endosperm and maternal tissues. In normal maize, the cells of the lower endosperm (basal endosperm transfer cells) are in physical contact with the pedicel, which is maternal tissue at the base of the seed, throughout seed development. In miniarure-7 (mn-7) mutant maize, by contrast, pedicel cells begin to degenerate within 9 days after pollination, and the endosperm loses its close association with these cells. The endosperm ceases to develop; as a result, mutant seeds are very small.
Because the mn-7 mutation apparently alters the behavior of maternal cells, it appeared to be a lesion in a maternally expressed gene. Miller and Chourey have found, however, that the Mn gene is required in endosperm rather than in the pedicel. A heterozygous pedicel appears phenotypically mutant if it is associated with endosperm carrying only the mn (mutant) allele. Conversely, if the endosperm contains one or more copies of the Mn (wild-type) allele, an associated genetically mutant pedicel will develop normally. Because the genotype of the endosperm dictates the phenotype of the pedicel, the two tissues must communicate in some way.
What sort of endosperm alteration could disrupt adjacent maternal tissues? Doehlert and Felker (1987) showed that invertase activity is localized within the pedicel and basal endosperm of developing maize seeds. Cell wall-bound invertase acts in the phloem unloading process to split phloem-transported sucrose into glucose and fructose, which are then taken up by basal endosperm transfer cells. Because the mn-7 mutation disrupts the same region in which invertase activity is found, Miller and Chourey asked whether mutant seeds have altered levels of invertase activity. The answer is that they do: mutant endosperm has less than 0.5% of the normal invertase activity. It has yet to be shown that the Mn gene is the structural gene for seed invertase (or for a modifier of invertase activity), but the good correlation between the dose of Mn in the endosperm and the level of invertase activity suggests that the mn-7 mutation affects invertase activity directly.
Miller and Chourey's results indicate that invertase activity in the developing endosperm is essential for the normal development of the pedicel tissues and, ultimately, of the endosperm itself. The authors speculate that if the endosperm is unable to hydrolyze sucrose, thereby removing it from the pedicel, an osmotic imbalance in maternal cells is created that causes their breakdown. The loss of contact with maternal cells, the lack of invertase, or both then block continued development of the endosperm. A remarkable conclusion to emerge from this analysis is that arrested growth of the endosperm has little or no effect on the development of the embryo: mn-7 seeds germinate as well as wild-type seeds, at least under greenhouse conditions. This observation suggests that small amounts of endosperm may be sufficient for normal growth and development of the embryo, at least in maize.
The complex metabolic interactions between endosperm and maternal tissues raise the question of how these interactions-and therefore endosperm itself-evolved. In most angiosperms, the endosperm develops from the fusion product of two female nuclei (one of which is the sister to the egg nucleus) with a sperm nucleus. The evolution of endosperm was, therefore, most likely predicated on another innovation-double fertilization. Until recently, it was assumed that double fertilization, as well as endosperm, is unique to angiosperms. But recent work (Friedman, 1990a (Friedman, , 1990b (Friedman, , 1992 suggests that this paradigm needs revision: double fertilization is not, it turns out, a defining property of the angiosperms.
Ever since the process of double fertilization was documented more than a century ago in angiosperms, sporadic reports have hinted that double fertilization may take place in nonflowering seed plants as well. Some of these reports concerned the gnetophytes, gymnosperms that bear significant resemblance to angiosperms. For one thing, they contain angiospermlike xylem vessels; for another, their strobili resemble some angiosperm inflorescences. Recent phylogenetic studies confirm that the gnetophytes are, indeed, the closest extant seed plant relatives of angiosperms (Doyle and Donoghue, 1986) .
In light of the possibility that the gneto-
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phytes embody an evolutionary link between gymnosperms and angiosperms, Friedman (1990a Friedman ( , 1990b analyzed fertilization in the genus Ephedra, one of three gnetophyte genera. His examination of seria1 sections of E. nevadensis ovules demonstrates that double fertilization occurs regularly in this species, albeit in a different manner than in angiosperms. After pollination, the nucleus of the central cell divides, producing a binucleate egg cell containing an egg nucleus and aventral canal nucleus. The egg nucleus migrates toward the center of the egg cell, and the ventral canal nucleus remains close to the micropyle. Upon reaching the egg, the pollen tube deposits two sperm nuclei into the egg cell. One fertilizes the egg nucleus, and the resulting zygote nucleus migrates basally; after the zygote nucleus has formed, the ventral canal nucleus also migrates deeper into the egg, where it then unites with the second sperm nucleus. What is the fate of this second fusion nucleus, which is genetically identical to the zygote nucleus? In Ephedra, a series of postfertilization mitotic divisions in the absence of cell division results in the formation of eight free nuclei. These nuclei then cellularize, becoming independent proembryos that initiate embryonic development. Onlyone of the proembryos continues to develop into aviable embryo, and the rest degenerate. It had been thought that the zygote nucleus gives rise to all eight free nuclei, but Friedman (1992) has now documented that both fusion nuclei of E. trifurca undergo two mitotic divisions. Although four of the eight proembryos are, therefore, derived from the second fusion nucleus, the successful embryo always develops from one of the descendants of the zygote nucleus.
As tantalizing as the observation of double fertilization in Ephedra is, it remains to be determined whether double fertilization in Ephedra is in fact homologous to double fertilization in angiosperms. Even given the other similarities between gnetophytes and angiosperms, without knowing whether their common ancestor underwent double fertilization, it is impossible to rule out the possibility that convergent evolution is responsible for the presence of this trait in both types of plant. In either case, as Friedman (1990b) points out, a number of conditions would have had to be present in the ancestor of Ephedra-or of Ephedra and angiosperms-in which double fertilization arose. First, two sperm nuclei would have had to enter the egg cell regularly. In many gymnosperms, two sperm nuclei enter the egg, but after the larger one fertilizes the egg nucleus, the smaller one degenerates. In addition, the sister nucleus to the egg nucleus would have had to be stable rather than degenerating as it does in many gymnosperms. A reduction in the time interval between pollination and fertilization would have increased the likelihood that the ventral canal nucleus would remain viable. (In Ephedra, fertilization occurs within 36 hr of pollination; in many gymnosperms, by contrast, a year or more may elapse.) Finally, the second egg nucleus would have had to be fertilizable; in Ephedra, the migration of the ventral canal nucleus into a region of the egg that contains dense cytoplasm may contribute in some way to its fecundity.
The double fertilization that arose in the ancestor to Ephedra that met these conditions led not to the production of endosperm but to the production of extra embryos. The evolutionary innovations that then made endosperm possible (assuming that Ephedra represents a stage in angiosperm evolution) include the addition of a second female nucleus to the second fertilization and the development of the descendants of the second fusion nucleus into endosperm. Which of these events preceded the other is anybody's guess; it is possible that the triploid nucleus's descendants could not form normal embryos and as a result evolved into nutritional tissue that would support the growth of the embryo, with which it shared all its genetic alleles.
The discovery that Ephedra undergoes double fertilization and the elucidation of the fate of the second fusion nucleus have exciting implications for the origin of endosperm. Even if it can be proven that double fertilization in Ephedra is the evolutionary forerunner of endosperm in angiosperms, however, the evolutionary events and forces that transformed extra diploid proembryos into triploid storage tissue await detection. This transformation involved not only a change in the fate of the second fusion nucleus but a whole host of metabolic and biochemical specializations that enabled the endosperm to absorb substances from maternal tissues and to supply food to the embryo and seedling. Together, molecular, genetic, and evolutionary studies may one day provide a detailed account of how this transformation occurred.
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